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ABSTRACT
Effect of Triclosan-Tolerant Plant Growth-Promoting Rhizobacteria on Triclosan Degradation in
Soils (August 2018)

Ashley Marie Garcia, B.A., Texas A&M International University;
Chair of Committee: Dr. Monica O. Mendez

Triclosan (TCS), an antimicrobial found in commercial products, can also be found in
freshwater systems used for crop irrigation. Thus, TCS may accumulate over time in soils,
potentially affecting plant growth-promoting rhizobacteria (PGPRs). Bacterial isolates from a
previous study which demonstrated PGPR activity and TCS tolerance (TPGPRs) were chosen to
evaluate the use of triclosan as a sole carbon source on a minimal salts medium (MSMT). TPGPRs,
which demonstrated TCS utilization, were chosen for inoculation into soil microcosm for triclosan
degradation (TD-PGPRs). Soil microcosms were arranged in a 2 x 5 factorial randomized block
design and irrigated with triclosan treatments (0 µg or 1.5 µg of total TCS) and five inoculation
treatments (no inoculation [CTRL], individual rhizobacteria isolates [OT1-11C2, OT2-03A, OT217], and a microbial consortium of all selected isolates [OT-MIX]). Soils were subsampled every
three days during a 30-day period for triclosan and methyl TCS extraction, followed by GCMS
analysis. A two-way repeated measures ANOVA determined that inoculum and inoculum x
concentration was significant across all treatments and time points for mean heterotrophic bacterial
counts (p < 0.0200), with the exception of day 0 R2AT 15 ng g-1. There was an observed increase
in mean heterotrophic bacterial counts for total (R2A) and triclosan tolerant populations (R2AT
1.50 µg L-1 TCS and R2AT 15 µg L-1 TCS) in OTMIX and OT1-11C2 for days 15 and 30. The
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data suggests that triclosan is still accumulating even with the presence of TD-PGPRs. However,
by day 30 samples inoculated with OTMIX (14.22 ng g-1) demonstrated a higher triclosan
reduction when compared to the CTRL (26.03 ng g-1). Methyl triclosan (initial biodegradation by
product of bacteria) was observed to increase overtime for all treatments, indicating that TCS
degradation is still occurring even in uninoculated soils (CTRL). However, TCS breakdown was
less efficient in the CTRL treatment with 21.89 ng g-1 of MeTCS to 28.19 ng g-1 in the OTMIX
soils. This study was the first to confirm the TCS degradative capabilities of the isolated TDPGPRs. The use of these TD-PGPRs assisted in the elucidation of the fate of triclosan and byproduct formation in irrigated soils.
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INTRODUCTION
Background of the Study
The impact of antimicrobials has become an emergent issue due to antimicrobials’
tendency to persist in the environment, influence the development of antibiotic resistant organisms,
and potential for endocrine disruption.1-3 Triclosan, 5-chloro-2-[2, 4-dichloro-phenoxy]-phenol
(TCS), falls under a broad category of compounds known as pharmaceutical and personal care
products (PPCPs). These PPCPs have diverse biochemical pathways that are not completely
understood once environmental exposure has occurred. 4 The extensive use of PPCPs in agriculture,
manufacturing and society demonstrates the importance of comprehending the fate of these
chemicals once they enter the environment. Pathways of environmental exposure include: human
consumption and excretion of antimicrobial metabolites, farm runoff, and waste water treatment
facilities.5 Although concentrations of PPCPs are relatively low, the continued influx of PPCPs
from these pathways into rivers could have unforeseen long-term repercussions in the environment
such as algal community disruption.6
Triclosan is one of the most widely used antimicrobial agents in the U.S. with a production
increase of 0.01 to 0.5 million pounds in 1990 to 1 to 10 million pounds in 1998. 7 It is found in
everyday products such as shampoos, hand soaps, make-up, toothpaste, and household cleaners. 8
Due to its ubiquity in commercial products and subsequent runoff in drainage systems, triclosan is
one of the most commonly detected contaminants in surface waters which primarily enters the
environment through waste water treatment plants (WWTPs). 6,9-10 The primary aim of a WWTP
is to remove suspended solids in incoming wastewater, making it suitable for re-entry into the
environment as effluent.11 Unfortunately, no advanced treatments have been developed to
__________
This thesis follows the model of Environmental Science and Technology.

2

completely remove PPCPs from the effluent discharged into receiving streams. The average
concentration of triclosan found in freshwater streams is approximately 0.14 µg L-1 and upwards
to 2.3 µg L-1.9 Recurrent influx of TCS into the aquatic environment has implications for potential
endocrine disruption in macrobiota due to its chemical structure as a chlorinated bisphenol and
lipophilicity.12 However, the broad-spectrum activity and chemical nature of TCS allows it to illicit
effects on the microbial communities present as well. A study by Lubarsky et al. (2012) determined
that biofilm stability, an integral part of microbial survival in aquatic habitats, was inhibited by
TCS exposure.13 Due to the incomplete removal of TCS during wastewater treatment, the presence
of potentially harmful PPCPs, including TCS, may be found in recycled waters and biosolids used
in farm and crop.10, 14-16
The use of recycled waters containing PPCPs in agricultural practices provides a route of
transport for TCS from aquatic to terrestrial environments. Thus, the potential for TCS to inhibit
beneficial soil microbial communities such as plant growth-promoting bacteria (PGPBs) is of
particular concern. In order to elucidate the environmental fate of TCS and the effect on
heterotrophic bacterial communities, this study aimed to evaluate the degradation timeline of TCS,
effects on heterotrophic bacterial abundance in bulk soil, and by-product formation.
Antimicrobial Activity of Triclosan
Triclosan (Figure 1) is a broad spectrum antimicrobial that falls under the class of
compounds known as polychloro phenoxy phenols which affects both gram-positive and gramnegative bacteria.17-19 Although it was previously thought TCS was not site specific, it was
determined that its primary mechanism of action is the disruption of cell membranes and inhibition
of fatty acid synthesis. Triclosan specifically inhibits the gene fabI, which is essential for cell
membrane formation and additional cellular functions.18,20 The enoyl-acyl carrier protein reductase
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(ENR) is involved in the elongation cycle of fatty acid synthesis. 2 TCS binds to the ENR by
mimicking its natural substrate, NAD, thus blocking the production of fatty acids and disrupting
the membrane structure of the microorganism. 20-22 The chemical structure of TCS makes it
effective against bacterial growth, although microbial recovery has been shown after repeated
exposure.13 Numerous studies examining the effects of TCS exposure on clinically relevant strains
of bacteria such as E. coli, P. aeruginosa, and S. aureus have assisted in the identification of genes
that assist in triclosan resistance.18, 23-26 However, there is little research on the effects of TCS on
environmental microbial communities.2
A study performed by Waller and Kookana (2009) observed interesting results on the
impact of triclosan on soil microbial activity.27 Five concentrations (0, 1, 5, 10, 50, and 100 mg
kg-1) of triclosan were applied to a sandy and clay soil to observe microbial response to TCS with
respect to soil respiration, nitrification, and enzyme activity. Respiration inhibition was only
observed in the clay soil at a TCS concentration of 50 mg kg-1 and enzyme activity was negligible
with only ß-glucosidase exhibiting any response.27 However, at TCS concentrations below 10 mg
kg-1 there was a noticeable effect on the nitrification cycle for both soil types indicating microbial
community disturbance.27 Similar inhibitory responses can be seen in the reduced phosphatase
activity of soil microbial communities exposed to > 0.1 mg kg-1 of TCS during initial exposure.28
These findings may indicate that triclosan toxicity may be dependent on factors such as soil
physiochemical properties and microbial resiliency. A comprehensive assessment must be
undertaken to identify the mechanisms being affected within microbial communities when exposed
to contaminants such as TCS. This will allow for a better comprehension of the role of TCS on the
microbial ecology of habitats and overall environmental health.
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Figure 1. Chemical structure of triclosan or 5chloro-2-[2,4-dichloro-phenoxy]-phenol

Triclosan Resistance of Bacteria
Studies have identified that inhibition and mutations of the fabI gene has enhanced TCS resistance
in bacteria at bacteriostatic concentrations (< 1 mg L-1); however, at more lethal concentrations (>
62.5 ng L-1), TCS may act upon more unidentified targets such as enzymes responsible for TCS
resistance.2,29 Microbial communities may acquire resistance to antibiotics through several
mechanisms which may include active efflux pumps, genetic mutation of antibiotic targets, or
antibiotic modification by hydrolysis.30 These mechanisms are hypothesized to likely be acquired
by the surrounding microbial community through horizontal gene transfer and result in the increase
of community resistance to antibiotic exposure.2 However, there is still no evidence of this transfer
of antibiotic resistance from triclosan exposure in the literature.
Culture based studies have determined that TCS exposure on clinically relevant strains have
developed mechanisms of resistance which include anything from active efflux in E. coli to
membrane alteration in P. aeruginosa.23 Concentrations utilized for resistance evaluation range
from environmentally relevant concentrations to biocidal levels (> 256 µg mL-1).23 The limitation
of such a study is the lack of relevance to environmentally relevant concentrations observed in the
environment (0.14 µg L-1 to 2.3 µg L-1).9 Resistance to triclosan may infer resistance to other
antibiotics such as ciprofloxacin which has been observed in the triclosan tolerant strain S. aureus;
exposure levels ranged from 250 µg L-1 to 1.25 mg L-1 to isolate mutant bacterial strains that
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exhibited tolerance.25 These studies primarily focused on the use of agar and broth supplemented
with triclosan to examine the resulting effects on medically relevant strains with little focus on
microbes found in the environment.
The use of culture media with precise nutrient supplementation, regulated growth conditions,
and lack of environmental factors associated with in vitro studies may yield a skewed picture of
the microbial taxonomic diversity. Thus, the behavior of microbes when exposed to varying levels
of TCS may differ in in vitro studies compared to in vivo studies. A field study which examined
the effects of TCS on benthic bacterial community composition and structure in an artificial stream
demonstrated that levels of detectable TCS in sediments was high enough to select for TCS
resistant bacteria and decreased taxonomic diversity.31 The implications of this research suggest
that selective pressures exerted by the presence of antimicrobials in the environment may shift
community structures to antimicrobial resistant taxa. The presence of such antimicrobials or
PPCPs may then affect taxonomic diversity of beneficial bacterial species or select for isolates that
may withstand antimicrobial exposure rather than inhibit growth. 2 Thus, the presence of TCS may
select for those bacterial isolates which have developed either genetic or mechanical mechanisms
for TCS removal. Due to the pervasive use of TCS and subsequent environmental exposure, its
impact on the acquisition of antibiotic resistance in microorganisms has become of particular
concern. The possibility of PGPRs developing resistance to antimicrobials is not presently known.
Plant Growth-Promoting Bacteria
The complex nature of soil microbial communities highlights the essential role microbes
play in the maintenance of the biochemical, structural, and nutrient accessibility in soil. Indicators
such as microbial community biomass and respiration may be directly correlated to plant diversity
and nutrient mineralization.32 This implies that the high numbers of microorganisms increase the
presence of beneficial nutrients for surrounding plants and lends to the overall diversity of the
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ecosystem. These communities often consist of a varied number of species of fungi, actinomycetes,
and bacteria that work symbiotically in the maintenance of soil health. Thus, it is important to
understand the role of anthropogenic contaminants in microbial communities. Bacteria known as
plant growth-promoting bacteria (PGPBs) are primarily found in the rhizosphere (area along the
roots of the plant) and are known for assisting in growth, nutrient uptake, and nitrogen fixation. 33
Their assistance in all of these processes have made them a great interest to not only ecologists but
agricultural scientists. The prospect of utilizing PGPBs in agriculture as a replacement for
chemical fertilizers, artificial growth supplements, or pesticides, reinforces the need to understand
their role within the environment.34-35
Many studies have identified promising activities of PGPRs for crop productivity. Due to
their high adaptability and suppression of potentially harmful plant diseases, PGPRs can provide
pathogen interference as a biocontrol.34 Soil bacteria identified as PGPBs can act as biofertilizers
due to their assistance in growth in terms of providing more nutrients for the plants such as with
nitrogen fixation to ammonia, siderophore production to increase iron uptake, production of indole
acetic acid (IAA) and ACC-deaminase, and phosphate solubilization. 33-34, 36 The production of the
auxin IAA is of particular importance because of its role in promoting root growth through an
increase in cell elongation.37-38 IAA may as well influence ACC deaminase activity; rhizobacteria
that exhibit this activity have been known to reduce elevated levels of the stress hormone ethylene
which may adversely affect plant health.34,39 Some rhizobacteria used for biocontrol, such as those
from the genus Pseudomonas, may aid in plant growth directly even in the absence of pathogenic
bacteria through effective root colonization, nutrient competition, and production of antimicrobial
metabolites.36,40 However, plant growth-promoting activity is exhibited with a diverse group of
microorganisms that exhibit plant growth-promoting activity. Kumar et al. (2016) demonstrated
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the use of a consortium of PGPBs not only increased crop productivity but were more efficient in
disease suppression when used as a consortium versus individually. 35 The PGPBs utilized in
Kumar et al. (2016) belonged to genera that are commonly associated with plant growth-promoting
activity which include Pseudomonas, Bacillus, and Rhizobium.35 However, it is important to note
that these bacteria have to cooperate effectively along the rhizosphere due to competition for
nutrients or plant exudates. Once these PGPRs have been successfully established, they may
exhibit their beneficial effects on plant growth.36 Other activities include exudation of compounds
that promote symbiotic interactions in the root rhizosphere, pesticide degradation,
phytostimulation, and biofertilization.41 Agricultural practices that utilize recycled waters or
sludge in crop irrigation and cultivation includes the possibility of affecting beneficial
rhizobacteria and plant health due to the presence of potentially harmful PPCPs. When soil is
irrigated and exposed to triclosan or other antimicrobial agents, the microbes within the soil and
along the roots of plants may either develop resistance to the compound or be harmed due to the
bactericidal properties of triclosan at high concentrations.31 The latent repercussions of triclosan
demonstrate the need to comprehend not only short-term but also long-term effects of TCS in the
environment and on plant growth-promoting bacteria.
Triclosan as a Carbon Source
Hay et al., (2001) implemented a methodology analyzing the use of triclosan as a sole carbon
source by triclosan pre-exposed bacteria isolated from sludge. 42 A bacterial consortium that
utilized triclosan as an energy source were isolated and analyzed. However, from the six strains
identified in the consortium, only one was able to grow in a complex media and mineralize
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C-

triclosan as a single strain culture.42 This study demonstrated that a consortium, rather than single
strain cultures, were more efficient in the degradation and utilization of TCS.
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Triclosan degradation appears to be restricted to WWTP studies, with limited studies analyzing
the direct use of TCS as a carbon source. Its degradation may be assisted by the surrounding
microbial communities and thus may utilize or breakdown the triclosan that may be found there.
A study carried out by Butler et al. (2010) examined the application of different triclosan
concentrations (0, 10, 100, 500, and 1,000 mg kg-1) on three types of soils and analyzed how
microbial basal respiration rates were affected.43 Basal respiration was enhanced after re-dosing
with 10 mg kg-1 of TCS. They deduced that triclosan might serve as a possible carbon source or
substrate for the naturally resistant bacteria within the soil, with gradual recovery of the microbial
communities.43
This study has stringent implications on how the presence of triclosan in recycled wastewater
and sludge may affect microbial communities not only in the ecosystem but also in agricultural
land. More studies however need to confirm triclosan uptake and utilization due to its implications
on the environment. If rhizobacteria are able to degrade triclosan, then enhancing their numbers
may prevent triclosan accumulation and it may not be as detrimental to crops as the current
assumption has been made.
A joint study which isolated onion rhizobacteria exposed to repeated applications of
triclosan at different concentrations, noted particular observations in isolate groups in terms of the
bacterial counts within the groups.44 A gradual decrease of total colony forming units (CFUs) was
observed with increasing TCS levels in irrigation waters until the 0.15 µg L-1 TCS irrigation
treatment where it appeared that bacterial counts re-stabilized. It was hypothesized that this
stabilization was due to the possible utilization of triclosan as an energy source. These studies have
analyzed the effects of triclosan by directly adding the compound to the soil and observing the
resulting effects on basal respiration. The implications of these observations is TCS may be used
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a sole carbon source due to fluctuations and re-stabilization of microbial communities after TCS
exposure.28, 43-44
Due to the widespread use of antimicrobials and influx into the environment, it is of increasing
importance to analyze the impacts of PPCPs not only on the human population but on the
environment as well. There is an information gap on how antimicrobials and TCS in particular is
affecting the PGPB tolerance and degradation. This study will aim to evaluate these aspects and
the possibility of bacteria utilizing triclosan as a substrate or energy source.
Triclosan Degradation and Metabolite Formation
When compounds enter the environment, both abiotic and biotic factors will affect the
decay process. For triclosan, the physical and chemical processes of wastewater treatment can
increase the surface area for particle adsorption, exposure of triclosan to UV light, and enhance
aerobic biodegradation. Therefore, assisted removal of TCS due to these processes may lend to the
formation of by-products that are more detrimental to aquatic ecosystems and human health.

45-46

The EPA identified TCS as a contaminant of emerging concern due to its high use, prevalence in
the environment, and potential ecotoxicological effects. 47 To comprehend the environmental fate
of TCS, its degradation pathways and by-product formation need to be identified in order to
develop potential methods of removal.
When triclosan is found in aquatic environments, it often undergoes photodegradation
resulting in the formation of 2, 8 –dichlordibenzo-p-dioxin, a known human carcinogen, or 2, 4dichlorophenol, a priority pollutant as defined by the Clean Water Act.

48-50

In an aquatic

ecosystem, the presence of triclosan was found to reduce species richness of algal communities
which in turn could influence community function. 51 Therefore, photolysis of the parent compound
that transforms into its chlorinated by-products could have an influence on the aquatic ecosystem
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as well; however, studies have not investigated this. Photodegradation may account for most of
the removal of TCS from aquatic environments which was observed in a study that analyzed the
presence of TCS and its by-product methyl triclosan (MeTCS) in Swiss lakes; it appeared that not
only was TCS photolysed because of the presence of MeTCS but the concentration of either was
dependent on water depth and season.52 The compounds were confirmed to have originated from
WWTPs, a known source of TCS contaminants. 14-15, 53
There is potential for biodegradation to occur during the wastewater treatment process due
to the use of activated sludge and presence of bacteria that assist in the breakdown of organic
pollutants. Upwards of 94% of triclosan appeared to have been biodegraded in activated sludge. 54
however, the fate of residual TCS and its by-products is of particular importance when
reintroduced into the environment through effluent or recycled sludge used for agricultural land
application.15 A one-time TCS spiked soil study determined the half-life of TCS may be
approximately 18 days in aerobic conditions with assisted biodegradation from microbial
processes.10 A similar half-life for triclosan (18 days) was demonstrated in soils irrigated with
environmentally relevant concentrations of TCS, with low accumulation. 55 However, the
persistence of TCS in anaerobic conditions may lead to a higher accumulation potential for TCS
in the long-term, including the possibility of reintroducing TCS into the environment due to its
ability to remain adsorbed onto sediment and soil particles .
Degradation of TCS is primarily based on the bacteria present within the soil, the microbial
community resilience to antimicrobials or antibiotics, and microbial community physiology.
However, it is important to note that the octanol-water partition coefficient (log 10 KOW) and soil
adsorption coefficient (Kd) have a significant influence on the potential for TCS to adsorb onto
sediment and soils.10 Triclosan has a Kow of approximately 4.8 at a neutral pH, indicating it has a
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high potential for adsorption to organic matter and subsequent availability to microorganisms
present.15 The sorbed triclosan can therefore be slowly released for microbial transformations.
However, if bacteria that gradually degrade pollutants such as triclosan are negatively impacted
by chronic exposure to TCS, over accumulation can become a wide spread issue.
Studies have shown the biotic transformation and decay of TCS is particularly influenced
by aerobic degradation as opposed to abiotic degradation. 10, 54, 56 The microorganisms that assist
in this process of biodegradation not only assist in the breakdown of TCS but formation of its
initial biodegradation product, MeTCS (Figure 2). Methyl triclosan has an increased accumulative
and adsorption potential (log10 KOW of 5) than the parent compound, triclosan, and may resist
photodegradation due to its more stable chemical form which is primarily based on the addition of
a methyl group.52, 57 Due to its non-polar chemical structure, methyl TCS may be adsorbed in the
fatty tissues of organisms in aquatic and terrestrial environments. There is still a lack of
information regarding the ecotoxicology of methyl triclosan; however, it is implied that due to its
chemical nature it may become a contaminant of emerging concern.
As residual triclosan enters the environment, there is a possibility of it reacting with free
chlorine in water systems yielding chlorophenoxy phenols including 2,4-dichlorophenol, 2,4,6trichlorophenol, and chloroform.58-59 The formation of chlorophenoxy phenols is of even greater
concern because of known toxicity in herbicide use and negative impacts on human and
environmental health.60 Studies have suggested the degradation pathways of TCS is by either
phenol ring chlorination or ether cleavage.49, 59 However, as with other products, the formation of
such by-products are dependent on environmental conditions such as temperature, pH, and the
concentration of free chlorine present.58 There are a limited number of studies on the
ecotoxicological risks of chlorophenoxy phenol formation of TCS, but the USEPA has classified
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chloroform and 2,4,6-trichlorophenols as possible carcinogens and priority pollutants. 50 Thus, it is
of particular importance to examine the risks of TCS by-product formation including chemical
stability and ecotoxicity. The biodegradation of triclosan varies, depending on the substrate in
which it is present. When triclosan is found in aquatic environments it often undergoes
photodegradation resulting in two more potentially harmful compounds known as 2,8dichlordibenzo-p-dioxin or 2,4-dichlorophenol.7, 61 These compounds may then be transported to
the surrounding environment which in turn could cause great damage due to known toxicity effects
such as disruption of aquatic algae assemblages and endocrine disruption. 49, 51, 62 In terms of soil,
photodegradation is inhibited due to lack of direct UV or sun light exposure.
Behavior of Triclosan in Soil
The chemical behavior of TCS in soils is dependent on several physiochemical properties
such as soil organic matter content, partitioning coefficients, and pH. These properties have an
integral role in the mobility of TCS once it enters the environment and its bioavailability. This
would not only affect potential uptake into crops but its antimicrobial efficacy on soil microbial
OCH3

Figure 2. Chemical structure of methyl triclosan.
Initial biodegradation by-product of microbial
degradation.

communities. Contaminant adsorption to soil particles may decrease contaminant concentration
and toxicity to microbial communities including potential uptake into surrounding biota. 63-64
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TCS behavior in soils appear to be limited to studies evaluating biosolid amendments or
sludge applications on TCS uptake and degradation. 56, 63, 65-66 The presence of high organic carbon
in soil changes the environmental availability of TCS due its binding to the negatively charged
humic material found in carbon rich soils. Soils amended with biosolids (a common practice in
agriculture) have a lower leaching potential of organic contaminants present such as TCS due to
higher organic matter content (Fu et al., 2016).63 The retention/release characteristics of different
types of soils (soils, biosolids, and biosolids-amended soils) recorded higher partition coefficients
for (log Kd) biosolids at ≈3.8 and ≈2.3 for unamended soils. 67 Differences in Kd were attributed to
organic carbon content, with biosolids having higher values which increased adsorption of TCS
onto the soil matrix. Thus, high organic content in soils plays a critical role in the bioavailability
of TCS and eventual degradation by other environmental factors.
Few studies have assessed organic contaminants in soils due to irrigation through recycled
water. A study evaluated the persistence of pharmaceuticals in soils through the use of reclaimed
water in three sites with varying irrigation patterns and soil physical/chemical. 1 It was determined
that numerous pharmaceuticals such as acetaminophen, erythromycin, and fluoxetine could not
only leach to a depth of 30 cm but may accumulate over time; which was partially influenced by
their low water solubility and soil organic matter content. 1 The persistence of organic contaminants
such as TCS, is of concern due to its potential to infiltrate soil profiles. This infiltration allows for
gradual accumulation of the compound, even in one-time application events such as flooding. TCS
concentration was highest at 0-2cm of surface soils and persisted for 6 months following the
flooding of the Rio Grande floodplain.68 The flood study also noted that elevated pH (> 7.5) levels
increased TCS associations with particles in the water column and decreased mobility of TCS in
soils once deposition occurred.
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Model degradation studies of TCS in various soil matrices and through irrigation
introduction are needed to evaluate the retention rate and degradation properties of TCS. This study
will attempt to address the lack of data regarding the degradation of TCS in a soil microcosm with
repeated irrigation of TCS. The objectives of this study aimed to 1) determine the utilization of
TCS as a sole carbon source by TCS-tolerant (TPGPRs) onion rhizobacteria; 2) observe changes
in the total and triclosan tolerant heterotrophic bacterial counts during the in situ study; and 3)
evaluate the degradation potential of TD-PGPRs in soil microcosms with repeated TCS irrigation
in situ.
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MATERIALS AND METHODS
Experimental Approach
In order to determine the potential use of triclosan as a sole carbon source and degradative
capabilities of the isolated TT-PGPRs, a series of experiments were performed. A total of 21
isolates were determined to be triclosan tolerant in a previous study.44 Those isolates were then
screened for triclosan utilization as a sole carbon source on triclosan amended minimal salts media
(MSMT). Isolates, which utilized triclosan as a sole carbon source, were selected to analyze their
degradative potential of TCS over time. The triclosan degradation study consisted of soil
microcosms arranged in a randomized 2 x 5 factorial block design. Microcosms were irrigated
with two TCS treatments and five inoculation treatments. Irrigation treatments were either no
triclosan 0 µg or 1.5 µg of total triclosan per 100 g of dry soil mass. Inoculation treatments included
no inoculation (CTRL), three rhizobacteria isolates (OT1-11C2, OT2-03A, and OT2-17), and a
microbial consortium of all selected isolates (OT-MIX). Chemical analysis was performed by gas
chromatography mass spectrometry of triclosan and its potential by-products (methyl triclosan, 2,
4-dichlorophenol, and 2, 4, 6-trichlorophenol) due to their prevalence in soils and recycled waters.
Soils were subsampled every three days during the course of a 30-day period for triclosan and
byproduct extraction followed by GCMS analysis. Enumeration of mean heterotrophic bacterial
counts for total (R2A) and triclosan tolerant bacterial populations at 1.5 µg L -1 TCS (R2AT 1.5)
and 15 µg L-1 TCS (R2AT 15) were also evaluated from the collected soil samples.
Plant Growth-Promoting Rhizobacteria Isolates
Rhizobacterial isolates were collected from a previous study that evaluated the decay and
uptake of triclosan in onion and tomato plants.55 Following collection and isolation of
morphologically unique isolates, the rhizobacterial isolates were screened for plant growthpromoting activities such as siderophore production, presence of ACC deaminase, phosphate
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solubilization potential, and IAA production.44 The rhizobacterial isolates were then screened for
TCS tolerance by disk diffusion and identified by 16S rDNA PCR prior to the soil degradation
experiment.69 Those isolates which exhibited TCS tolerance (TPGPRs) were then selected to be
screened for TCS utilization as a sole carbon source and degradation potential in a soil microcosm.
Cell Lysis and Glycerol Stock Preparation of Rhizobacterial Isolates
Cell lysis was performed by inoculating 5 mL of sterile R2B broth with a bacterial colony
using a sterile inoculation loop. The culture was then placed on an orbital shaker for approximately
24-48 hours at 23˚C with a speed of 170 rpm. One milliliter of the culture was then transferred
into a sterile UV cross-linked 1.7 mL centrifuge tube and centrifuged for 10 minutes at 13 x 1000
rpm. If an adequate sized pellet was formed, the supernatant was decanted and resuspended with
1 mL of sterile, UV cross-linked ddH2O. The cell suspension was then vortexed and a 100 µL
aliquot was transferred into sterile PCR tubes in triplicate. The culture was then lysed using a
thermocycler which ran with a temperature cycle at 98˚C for 15 minutes followed a by 4˚C holding
temperature. Once the reaction was complete, lysates were placed into a -40˚C freezer. Glycerol
stocks were then prepared by adding 800 µL of cultured broth from R2B tubes (prepared the same
as cultures for cell lysis) into UV-sterilized 1.7 mL micro-centrifuge tubes and 200 uL of R2B:
glycerol (3:1). Glycerol stocks were then stored in a -80˚C freezer.
16S rDNA PCR and Electrophoresis Protocol
A PCR reaction was performed for amplification of the 16S rRNA gene sequences from
bacterial isolate lysates using universal bacterial primers 27f (5’ TAG AGT TTG ATC CTG GCT
CAG 3’) and 1492r (5’ TAC GGT TAC CTT GTT ACG ACT T 3’). PCR amplification was
performed with a PrimeSTAR GXL DNA Polymerase kit (Takara Bio Inc., Fostcr, CA ) for a 25
μL reaction mixture which contained 12.5 μL of ddH2O , 5.0 µL of buffer 5X Primestar, 2.0 µL
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dNTPs (2.5 mM), 0.5 μL of PrimeSTAR Taq, and 2.5 µL of 27f/1492r (5 µM) primers. PCR tubes
were then placed into a thermocycler and ran at 95˚C for 5 minutes, followed by 30 cycles of 94˚C
for 1 minute, 60ºC for 1 minute, and 72˚C for 1.15 minutes. Once the temperature cycles were
complete, the reaction ran for an extended 10 minutes at 72˚C, and held at a temperature of 4˚C.
Gel electrophoresis of PCR products were analyzed on a 1% agarose gel, prepared by
mixing 50 mL of 1X TAE buffer solution and 0.50 g of agarose. The gel was allowed to solidify
for 45 minutes and placed in a gel box filled with refrigerated 1X TAE buffer until fully
submerged. The wells were then loaded with 5μL of 6X Loading Buffer and 5μL PCR product. A
total of 10 μL of PCR product/6X LB were then loaded into a corresponding gel lane using nonsterile tips and ran for 60 minutes at 100 volts. The gel was then stained in ethidium bromide for
approximately 10-15 minutes and rinsed for 5 five minutes in distilled water. Visualization of the
bands, which confirmed PCR product amplification of the 16S rRNA gene, was performed using
the Bio Rad Gel Doc 2000. All PCR products were submitted to the University of Arizona Genetics
Core for sequencing of the complete 16S rRNA product (approximately 1500 bp) using primers
27f, 518f (5’CCA GCA GCC GCG GTA AT 3’), 1070r (5’ AGC TGA CGA CAG CCA T 3’),
and 1492r. Sequences were edited using Codon Code Aligner version 4.2 (CodonCode
Corporation, Centerville, Massachusetts) and blasted for identification using NCBI BLAST.
Triclosan Tolerant Rhizobacteria Screening on Triclosan Amended MSM Media
The triclosan tolerant isolates were tested for carbon utilization by incubating them on two
chloride free minimal salts media (MSM), one amended with glucose as a control and another with
triclosan (99.00% purity, Alfa Aesar, Word Hill, Mass.) as the sole carbon sources, in triplicate.
The chloride free minimal salts medium (MSM) amended with glucose MSMG (2 g L -1 glucose)
and triclosan MSMT (2 g L-1 triclosan) were prepared following a similar methodology as

18

described in McCullar et al. (1994)70 with modifications42. The MSM medium consisted of 10 mM
K2HPO4, 3 mM NaH2PO4, 10 mM (NH4)2SO4, and 1 mM of MgSO4 per one liter solution. A trace
element solution was then prepared with the following elements: 200 mg of CaSO 4 , 200 mg FeSO4
7H2O, 20 mg MnSO4 H2O, 10 mg NaMo 2H2O, 20 mg CuSO4, 10 mg CoSO4 7H2O, and 5 mg
H3BO3.The trace element solution was then filter sterilized using a one liter Nalgene 0.2 µM filter
unit, parafilmed, and stored at 4˚C. Minimal salts medium was prepared by adding 300 mL of the
10 mM K2HPO4 and 3 mM NaH2PO4 solution, 10 mL of the 100 mM MgSO4 stock solution, 100
mL of the 100mM (NH4)2SO4 stock solution, and 10 mL of the trace element solution to 15 g L-1
of autoclaved noble agar. The noble agar was previously cooled and placed on a hot plate at 45°C
with a sterile stir bar to ensure homogeneity as solutions were added. The MSM media was then
amended with 2.0 grams of the required carbon source (glucose or triclosan). 70
The MSM plates were then inoculated using a flame sterilized loop with a 42-48 hour
culture (colony) of the selected isolate from a cultured R2A plate. The isolate was then streak
plated (1 streak) along the center of the MSM plate. Inoculated MSMT/MSMG plates were
incubated at approximately 23˚C for 7 days. Twenty-one isolates were streaked onto agar plates,
in triplicate, and those that displayed growth (Figure 3) and clearing were re-isolated and
transferred to fresh MSMT media to ensure the use of triclosan as a carbon source and reobserved for 7-14 days.
Triclosan Tolerant Plant Growth-Promoting Rhizobacteria Inoculum Preparation
Rhizobacteria isolates which demonstrated TCS utilization and PGPR activity were
selected for inoculation into a soil microcosm including a microbial consortium of all selected
isolates. Inoculum preparation was performed approximately one week prior to experimentation
to allow bacterial isolates to grow to desired turbidity. Three rhizobacterial isolates (OT1-11C2,
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OT2-03A, and OT2-17) were grown by inoculating 20 µL of prepared glycerol stocks into 5mL
of sterile R2B and placed on a shaker at approximately 23°C for 24-48hrs at 170 rpm.

A

C

B

D

Figure 3. Typical growth patterns observed in minimal salts medium
amended with glucose (MSMG) or triclosan (MSMT). Categorization
included (A) minimal, (B) intermediate, (C) moderate, and High (D)
bacterial growth.

Once isolates grew to adequate turbidity, 500 µL of inoculum was aliquoted into 500 mL of
sterile R2B and placed on an orbital shaker at 23°C for 24-48 at 170 rpm. Once turbidity was
reached, inoculum was transferred in 50 mL aliquots into UV-sterilized 50 mL conical tubes and
centrifuged for 15 minutes at 4700 rpm at 23°C. If an adequate pellet formed, supernatant was
discarded and 1 mL of 1X PBS (phosphate buffered solution) was added to re-suspend bacterial
pellet. This was performed for each isolate until total inoculum (500 ml) was centrifuged,
pelleted, and resuspended for a concentrated bacterial inoculum. NanoDrop 2000 analysis was
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performed to dilute concentrated inoculum to a concentration of 10 9 CFU ml-1. This was
performed by pipetting a 2 µL sample of each respective isolate on to the NanoDrop
measurement pedestal. The cell culture application was selected and the sample was measured at
600 nm (absorbance). The resulting absorbance value was used to dilute the cell culture to 0.1
using the equation of V1C1 = V2C2 and PBS as the diluting solution.
Degradation of Triclosan in a Soil Microcosm
Physiochemical characteristics of the soils utilized in this study are listed in Table 1. Soil
microcosms were arranged in a 2 x 5 factorial randomized block design and irrigated with two
treatments and five inoculation treatments (Figure 4). Irrigation treatments were either no triclosan
0 µg or 1.5 µg of total triclosan in 100 g of dry soil. Inoculation treatments included no inoculation
(CTRL), individual rhizobacteria isolates (OT1-11C2, OT2-03A, and OT2-17), and a microbial
consortium of all selected isolates (OT-MIX). Inoculation of soil microcosms was performed by
making a small depression in the center of the cup with a flame-sterilized glass rod. Once the
depression was made, 1 mL of designated inoculum was transferred to the center and covered with
surrounding soil. Soils were then irrigated with respective treatment (0 µg or 1.5 µg of TCS) on
the day of the experimental set up and every other day during the course of the experiment with a
soil moisture content of 20%. Soils were subsampled every three days during the course of a 30day period. Collected soil samples were stored at 4˚C and -20˚C for heterotrophic counts and soil
DNA extractions (not included in this study), respectively.
Table 1. Soil Physicochemical Characteristics of 1:9 Potting:Native Soil Used in Soil Degradation
Study
Soil Texture
pH
C:N
Carbon
EC
Phosphorus
Content
%
(dS/m)
(mg/kg)
Silt loam
7.9
0.396
16
7
0.9
Analyses were conducted as follows: soil texture by the hydrometer method 71, pH and EC by 2:1 water:soil (v:w), phosphorous
by the Mehlich III extraction72, and C:N by combustion.
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Figure 4. Green house experiment for soil degradation was a 2x5 factorial experiment design with five
inoculation treatments (CTRL, OT1-O9, OT1-11C2, OT2-17 and microbial consortium (OTMIX) and
two triclosan irrigation treatments (0 µg TCS or 1.5 µg of TCS).

Sampling and Enumeration of Heterotrophic Bacteria
Enumeration of heterotrophic bacteria was performed by serial dilution. One gram of soil
from each treatment was placed into a dilution tube that contained 9.5 mL of saline solution (0.85%
NaCl); soil was transferred aseptically with baked spatulas to prevent cross contamination. The
solution was vigorously mixed and allowed to settle before transferring 1 mL of solution to the
following dilution tube that contained 9 mL of saline and vortexed for 5 seconds to ensure a
homogenous mixture. One ml was then transferred to each consecutive dilution tube until the series
was completed (from 10-1to 10-7). A 100-µL aliquot suspension of the selected serial dilutions (10 4

, 10-5) for control and inoculated soils were spread plated in triplicate onto R2A for enumeration

of total heterotrophic bacteria and R2AT (R2A amended with 1.5 µg L -1 and 15 µg L-1 of TCS).
The TCS concentration, 1.5 µg L-1, was selected because it is 10-fold the median environmental
concentration of 0.14 µg L-1, but below the maximum of 2.3 µg L-1 TCS detected in streams.9
While the 15 µg L-1 of TCS is 100-fold the environmentally relevant concentration and would
assist in the evaluation of triclosan tolerance of microbial communities at elevated concentrations

22

after TCS pre-exposure. The plates were incubated at 23˚C for five days before enumeration and
the dilution series with colony forming units from 20-200 individual colonies were chosen.
Sample Preparation and Triclosan Extraction
Collected soil samples were dried at 50˚C for 7-10 days and ground to a fine powder using
a mortar and pestle. Prior to GCMS analysis, a subsample (2.00 grams) of CTRL 0 (no inoculum
or TCS added) soil samples for each collected day were spiked with internal standards which
included the following: 100 µL of 10 ng 10 µL-1 of
triclosan, and 40 µL of the 25 ng 10 µL-1
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C labelled triclosan,

13

C labeled methyl

C labeled-trichlorophenol (Cambridge Isotopes

Laboratories Inc., Tewksbury, MA). Once designated samples were spiked, the samples were dried
at 40˚C before GCMS analysis. Spiked soil samples were treated the same as experimental
samples. Before extractions could begin, two grams of designated experimental soil samples were
weighed into sterile scintillation vials followed by a 1:1 volume ratio of acetone (OmniSolv HRGC, EMD Millipore Corporation, Billerica, MA): methanol (OmniSolv HR-GC, EMD Millipore
Corporation, Billerica, MA). Samples were then sonicated for 90 minutes at 25˚C and allowed to
settle for 10 minutes. A solid phase extraction was performed using Oasis HLB filter disks
(Waters) with Na2SO4 with filter activation using a 1:1 acetone: methanol mixture. Once the
sample was filtered, 1 mL of ethyl acetate (OmniSolv HR-GC, EMD Millipore Corporation,
Billerica, MA) was added for sample elution. Samples were concentrated to 1 ml using a Turbovap
II (Biotage, Charlotte, NC) vessel at 50˚C and set at 40 PSI. Concentrated extracts were then
transferred to 2mL GCMS vials and stored at -20˚C.
Gas Chromatography Mass Spectrometry
To prepare for GCMS analysis of triclosan, TCS standards, 13C-TCS labeled standards and
concentrated soil extracts were derivatized by adding 100 µL of N-tert-Butyldimethylsilyl-N-
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methyltrifluoroacetamid (MTBSTFA) (Sigma-Aldrich) to 400 µL of dried extract or standard
solution, vortexed for approximately 10 seconds, and allowed to sit at room temperature for one
hour. After one hour, 300 µL of ethyl acetate (OmniSolv HR-GC, EMD Millipore Corporation,
Billerica, MA) was added into each respective sample. MeTCS samples did not require
derivatization, thus 400 µL were subsampled from MeTCS/ 13C MeTCS standards and sample
extracts for analysis. Triclosan and metabolite identification in concentrated extracts were
analyzed by GC-MS QP2010 Plus (Shimadzu Scientific Instruments, Inc.) using a SH-RXI-5MS
capillary column (30 m x 0.25mm x 0.25 µm).Split injection at 250˚C with a 10 µL sample
injection volume was employed. Triclosan and
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C-lableled triclosan detection was performed

using the electron ionization mode (EI, 0.03 kV, 220°C) and selected ion monitoring (SIM) with
a helium gas flow of 1.79 ml min-1 and an oven temperature program as follows: 100˚C with a 1
min hold time, 26˚C min-1 to 230˚ with a 3 min hold time, 24°C min-1 to 300˚C with a 3 min hold
time, and 10˚C min-1 to 330˚C for a 5 min hold time. Methyl triclosan,
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C-lableled methyl

triclosan, 2,4-dichlorophenol, 13C-2,4-dichlorphenol, 2,4,6-trichlorophenol, and 13C-labeled-2,4,6trichlorophenol analysis was performed using the electron ionization mode (EI, 0.03 kV, 220°C)
and SIM with a helium gas flow of 2.0 ml min-1 and an oven temperature program as follows:
100˚C for a 1 min hold time, 26˚C min-1 to 270˚C with a 3 min hold time, and 10°C min-1 to 330˚C
with a 7 min hold time.
Recovery and experimental samples were standardized to a series of standards (2-100 ng
10 µL-1) of TCS, 13C-lableled TCS, MeTCS, 13C-lableled MeTCS, 2,4-DCP,13C-labeled 2,4-DCP,
2,4,6-TCP, and
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C labeled-2,4,6-TCP. Area values for each standard was fit into a linear

regression graph, which resulted in an equation that could then be applied for concentration
quantification of the compound being analyzed. The series of standards with the best fit or R 2
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(closest to 1.00) for the analyte were then chosen. All samples were then standardized to a 2 nd
recovery ratio which was calculated by taking the ratio of the observed analyte standard
concentration to the expected standard concentration (2ng 10 µL-1 for both MeTCS/MeTCS13 and
TCS/TCS13). Sample percentage recovery was approximately 99% and 85% for 13C TCS and 13C
MeTCS, respectively. Analysis of 2, 4-DCP and 2, 4, 6-TCP were below detection limits in
experimental samples, thus its analysis and quantification were removed.
Statistical Analysis
A two-way repeated measures ANOVA was used to determine if there was a significant
effect (p < 0.05) of concentration 0 ng and 1.5 ng TCS, inoculum, and concentration x inoculum
on mean total heterotrophic bacterial counts for total (R2A) and triclosan tolerant populations
(R2AT 1.50 µg L-1 TCS and R2AT 15 µg L-1 TCS) isolated from microcosms. A comparison was
made for total and triclosan tolerant bacterial populations between the time points day 0, 15, and
30 using a two-way repeated measures ANOVA. The effect of inoculum, concentration, and the
interaction between the two factors were determined. A MANOVA was performed to determine
the effect of time on total and triclosan tolerant bacterial populations. Significant differences
between means was performed with a Tukey’s HSD post hoc test. SAS version 9.4 software (SAS
Institute Inc, 2011) was used for statistical analysis of all sample treatments.
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RESULTS AND DISCUSSION
Utilization of Triclosan as a Sole Carbon Source by PGPRs
The isolates chosen were pre-exposed to varying levels of triclosan in a study analyzing
the repeated application of triclosan to onion plants (TCS pre-exposure levels: OT0 = 0.00 µg L -1,
OT1 = 0.015 µg L-1, OT2 = 0.15 µg L-1, and OT3 = 1.5 µg L-1).55 Those isolates were then screened
using a disk diffusion assay to determine their sensitivity to triclosan. 69 A total of 21 isolates were
observed to be tolerant to triclosan at the 1500 µg L-1 concentration. Thus, pre-exposure may have
increased TCS tolerance in native microbial communities, as was observed in the isolation of TCS
tolerant isolates used for this study.
R H I ZO B A C T E R I A L G R O W T H O N M S M T M E D I A
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Figure 5. Growth of rhizobacterial isolates on MSMT for 14 days after determining triclosan
tolerance (1500 µg L-1). TCS pre-exposure levels: OT0 = 0.00 µg L-1, OT1 = 0.015 µg L-1, OT2 =
0.15 µg L-1, and OT3 = 1.5 µg L-1.

The twenty-one triclosan-tolerant isolates were then tested on MSMT/MSMG media for
triclosan utilization (refer to Appendix). Of the 21 rhizobacteria, 6 isolates (29%) tested positive
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for triclosan utilization based on observed growth on MSMT medium. The isolates displayed
minimal to moderate growth on the triclosan-amended medium (MSMT) with no observed
intermediate growth (Figure 5). Variations in growth between MSMT and MSMG was observed
in all inoculated isolates. The isolates OT1-09, OT2-03A, and OT2-08 displayed similar growth
on glucose amended medium (MSMG) when compared to MSMT (Table 2). Isolates OT1-11C2
and OT2-17 displayed high growth on MSMG when compared to the minimal growth exhibited
on MSMT (Table 2). The only isolate observed to have higher growth on MSMT (moderate) than
MSMG (minimal) was OT2-08. Minimal and moderate growth was characterized by the clustering
of colonies along the initial inoculation site with few colonies tapering afterward (minimal growth)
followed by the increasing presence and distribution of colonies along an individual streak
(moderate growth), respectively (Figure 3). Table 2 lists the isolate identities based on the 16S
rRNA gene of the TPGPRs (triclosan tolerant plant growth-promoting rhizobacteria)
demonstrating triclosan utilization. Although the species identified in this study have not yet been
reported to degrade triclosan, strains of these species have assisted in the degradation of other
compounds and demonstrated plant growth-promoting activities. 44, 71-88
The isolates OT1-09, OT2-03B, and OT2-08 were identified as Stenotrophomonas
maltophilia. These species have been isolated from the roots of crops such as rice (Oryza sativa)
and cucumber (Cucumis sativis). It was found that S. maltophilia could be used for its PGPR
activity and act as a biocontrol agent against the cucumber green mottle mosaic virus, which
severely impairs cucumber production.73 The use of S. maltophilia as a means of biocontrol
extended to its use against pathogenic rice fungi which resulted in a reduction of disease incidence
and increase in plant growth.74 In addition to its use as a PGPR, the species has been shown to
degrade environmental pollutants such as p-nitrophenol (PNP) 75 Although, the Stenotrophomonas
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species have enhanced PGPR activity and xenobiotic degradative capabilities, its classification as
an opportunistic pathogen lead to its ultimate removal from our study. 89-90
Table 2. Isolate Identities of Triclosan Utilizing PGPRs Based on the 16 sRNA gene (1500 bp)
Isolate

MSMG
Growth

MSMT
Growth

Closest BLAST Match

NCBI Accession
No.

Identity
(%)

OT1-09

Minimal

Minimal

Stenotrophomonas maltophilia
strain IAM 12423

NR_041577.1

98.9

OT111C2

High

Minimal

Enterobacter ludwigii strain
EN-119

NR_042349.1

100

OT2-03A

Minimal

Minimal

Microbacterium oxydans strain
DSM 20578

NR_044931.1

99.8

OT2-03B

Minimal

Moderate

Stenotrophomonas maltophilia
strain IAM 12423

NR_041577.1

99.0

OT2-08

Minimal

Minimal

Stenotrophomonas maltophilia
strain IAM 12423

NR_041577.1

98.0

OT2-17

High

Minimal

Paenibacillus peoriae strain
DSM 8320T

NR_117743.1

99.0

Rhizobacterial isolate OT1-11C2 (OT1 = 0.015 µg L-1 TCS pre-exposure group) was
identified as Enterobacter ludwigii, an isolate which has demonstrated PGPR activities such as
IAA production, elevated nitrogenase activity, and root growth promotion in Lolium perenne
(ryegrass).76 Strains of E. ludwigii have also shown their potential as biocontrol agents due to
mycotic inhibition of Fusarium solani and Macrophomina phaseolina; both plant pathogens cause
rotting in a variety of plant species such as potatoes and soybeans. 76-77 In addition, inoculation of
Lolium multiflorum, Lotus corniculatus, and Medicago sativa with E. ludwigii demonstrated
hydrocarbon degradation of diesel (≤ 68%) in spiked soils and efficient rhizosphere colonization. 78
These characteristics made E. ludwigii an excellent candidate for not only its investigated PGPR
activities but potential contaminant degradation. OT1-11C2 tested positive for all of the PGPR
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assays in the previous PGPR screening study (siderophore production, ACC deaminase, phosphate
solubilization, and IAA production (Table 3)44 and utilized triclosan on MSMT agar (Table 2).
Thus, it was expected to efficiently degrade triclosan in situ.
Table 3. Identitiesa and Plant Growth-Promoting Activityb of Triclosan-Tolerant (> 1,500 µg L-1)
Onion Rhizobacteria Capable of Using Triclosan as a Carbon Source and Used for Soil
Degradation Study.
Isolate
Siderophore
ACC
Phosphate
IAA Production
assay
Deaminase
Solubilization (µg/ml (µg/ml per 109CFU)
Assay
per 109CFU)
18 ± 1.3
77 ± 6.2
OT1-11C2
Enterobacter
ludwigii
25 ± 0.6
15 ± 0.2
OT2-03A
Microbacterium
oxydans
12 ± 1.1
6 ± 0.1
OT2-17
Paenabacillus
peoriae

+

+

-

-

+

+

a

Identities are based on the 16S rRNA gene and the most similar NCBI Blast match. bPGPR data taken from Mendez (2018)44.
Assays are based on screening in CAS agar94, DFF-ACC broth95, PVK broth96, and DF-Tryptophan medium97.

OT2-03A (OT2 = 0.15 µg L-1 TCS pre-exposure group) was identified as Microbacterium
oxydans, a microbe which has demonstrated degradation of laminarin and alginate in brown
seaweed waste.79 M. oxydans also increased the uptake of nickel by the plant Alyssum murale in a
phytoremediation study using three types of soils (fine sandy loam, silt loam, and a gravelly silty
loam) with various amount of Ni contamination (low, moderate, and high). 80 The PGPR activity
of the genus may include auxin production, ACC deaminase presence, and phosphate
solubilization.81-82 OT2-03A was confirmed for phosphate solubilization (increased phosphorous
availability) and IAA production (growth stimulation) in the PGPR screening study, but not for
ACC deaminase activity (Table 3).44 Our research data and the literature support the potential plant
growth-promoting activity and for triclosan degradation by OT2-03A.
The final isolate utilized in this study, OT2-17, was identified as Paenibacillus peoriae.
There have been extensive studies and reviews on the PGPR activity of a closely related species,

29

Paenibacillus polymyxa. The broad PGPR activities of P. polymyxa have been known to induce
growth in numerous plants (maize, sugar beet, and wheat grass) which makes it an ideal candidate
for use in sustainable agriculture.83-87 The assessment of P. peoriae for bioremediation and PGPR
activities was previously unknown; however, research suggests it may have many of the same
characteristics of other highly studied Paenibacillus spp. Genomic and functional analysis
determined that there are regions of conservation in the Paenibacillus genus, including P. peoriae,
despite

geographic

distribution.88

Genes

for

IAA

production

and

phosphate

solubilization/transport were well conserved between P. polymyxa and P. peoriae indicating its
potential for plant growth-promoting activities.88 This is consistent with OT2-17 testing positive
for all PGPR activities including IAA production and phosphate solubilization (Table 3).
OT2-17 was able to utilize and degrade triclosan on MSMT, which made it particularly
promising for inoculation into a soil microcosm. To our knowledge, this study is the first to confirm
the PGPR activity and bioremediation ability of P. peoriae (OT2-17). The species has also been
observed to produce antimicrobial products, proteases, and proteolytic enzymes that may assist in
the reduction of pathogenic microorganisms and fungi. 91-92 These properties may be beneficial for
the removal of not only TCS but other environmental contaminants.
Three of the 6 isolates were chosen for inoculation into a soil microcosm (OT1-11C2, OT203A, and OT2-17) (Table 3). They were chosen due to their triclosan utilization on MSMT media
and PGPR activities (two of which possessed all PGPR activities). The isolates identified have
demonstrated xenobiotic degradation and/or PGPR activities in other studies 76-79, 80, as mentioned
above, as well as in our laboratory assays44. Therefore, this study shows that triclosan exposure
through irrigation has selected for rhizobacteria with diverse metabolic activities. 55 Those capable
of using triclosan as a sole carbon source was 29%, indicating the presence of a cooperative
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metabolism within the rhizosphere community.93 An interesting observation was that the identified
TCS degraders were pre-dominantly from the OT2 group (67%). The OT2 group was repeatedly
irrigated with 0.15 µg L-1 of TCS44, which may indicate potential acclimation to TCS when soils
are irrigated with median concentrations found in surface stream water. 9 At this environmentally
relevant concentration, irrigation of soils would select for TCS resistant organisms able to utilize
TCS as a carbon source.
Enumeration of Total and Triclosan Tolerant Microbial Populations from Soil Microcosms
The influence of inoculum and TCS on the microbial populations were analyzed by a twoway repeated measures ANOVA. Initially (Day 0), it was determined that the effect of inoculum
and the inoculum x concentration interaction were significant for total and triclosan tolerant (1.5
µg L-1 TCS) populations (p < 0.0001). Only inoculum had a significant effect on the triclosan
tolerant populations cultured at 15 µg L-1 TCS (p < 0.0001) (Table 4).
Table 4. ANOVA Results for Day 0 Heterotrophic Enumeration of Bacteria on R2A and
Triclosan Amended R2A
R2A
R2AT 1.5 µg L-1
R2AT 15 µg L-1
MODEL
< 0.0001
< 0.0001
< 0.0001
INOC
< 0.0001
< 0.0001
< 0.0001
CONC
0.2135
< 0.0001
0.6482
INOC*CONC
< 0.0001
< 0.0001
0.4995

Based on Figure 6, OT1-11C2 was significantly higher in counts for both R2A and R2AT1.5, followed by OT2-03A, OTMIX/OT2-17, and CTRL. As for R2AT-15, OTMIX was
significantly higher than all other treatments, with OT1-11C2, OT2-03A, OT2-17, and CTRL
following in decreasing order. As for concentration, only R2AT-1.5 was significant on day 0
(Figure 6). Initial triclosan exposure decreased bacterial numbers for the CTRL treatments across
both total (R2A) and triclosan tolerant bacterial populations (R2AT 1.50 µg L -1 TCS and R2AT
15 µg L-1 TCS) by approximately 3-5% (Figure 7).
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Figure 6. Mean heterotrophic counts for total bacterial population (R2A) and triclosan tolerant populations
(R2AT 1.5 µg L-1 and R2AT 15 µg L-1 TCS) per inoculum and concentration treatment. Different letters
refer to significant differences between inoculation treatments within the respective sampling day: (A), (B),
and (C) (p <0.05, Tukey’s post hoc test). Significant differences based on a repeated measures ANOVA (p
<0.0098) between concentration treatments (0.0 and 1.5 µg) within the respective sampling day is indicated
by an (*) for (D), (E), (F).
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Lack of pre-exposure to TCS for the CTRL soil microbial communities may account for
the lower counts of triclosan-tolerant bacteria. Inhibition of microbial activity, measured as soil
respiration in an ecotoxicological study, has been observed within the first four days of TCS
application above 10 mg kg-1.98 However, for our study, a lower abundance of bacteria was noted
at day 0 for CTRL counts with only 0.015 mg kg-1 TCS added, even if that inhibition was minimal
(3-5% decrease). Although soil respiration was not evaluated in this study, it was evident that
initial TCS exposure resulted in an inhibitory response in the total and triclosan tolerant
populations of the un-inoculated microcosms (CTRL and CTRL 1.5) compared to those with TDPGPRs (Figure 7).
All inoculation treatment counts were particularly higher (> 8.0-13.64%) than the CTRL,
with the exception of OT2-17 (> 2.72%). Pre-exposure to TCS (even within a few hours) was
observed to have increased the microbial community tolerance when cultured at the 1.5 µg L -1
TCS concentration for all inoculation treatments (Figure 7). It is important to note that the
concentration of TCS in the R2AT 1.5 agar is approximately 10-fold that of the median
environmental concentration of TCS (0.14 µg L-1)9. Soils with inoculum OT1-11C2 had the
highest mean log CFUs for both R2A (7.04 log CFUs) and R2AT-1.5 (7.06 log CFUs).
Inoculum OTMIX had the highest mean log CFUs for R2AT-15 when no triclosan was
added indicating that inoculation played a significant role in enhancing the total number of
triclosan tolerant bacterial counts when cultured on TCS amended media (p <0.0001). Those
microcosms inoculated with the selected isolates are possibly able to utilize/degrade triclosan at
even initial exposure. Thus, limiting the inhibitory response for the remaining microbial
community and enhancing the total number of TCS tolerant bacteria even in non TCS pre-exposed
treatments (Figure 7).
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Figure 7. Mean log CFU on Day 0 for the total bacterial population (R2A) and triclosan tolerant
population (R2AT, 1.50 µg L-1 TCS and R2AT 15 µg L-1 TCS). A two-way ANOVA determined that
inoculum and inoculum x concentration had a significant effect on DAY 0 total and triclosan tolerant
populations at the 1. 5 µg L-1 TCS (p < 0.0001). Only inoculum had a significant effect on triclosan
tolerant population at the 15 µg L-1 TCS (p < 0.0001). For each medium, different letters indicate
significant differences (p < 0.05, Tukey’s post hoc test) between inoculum and TCS treatments.

Based on the two-way repeated measures ANOVA, inoculum, concentration, and the
inoculum x concentration interaction had a significant effect on total (R2A) and triclosan tolerant
populations for day 15 (R2AT-1.50 and R2AT-15) (p < 0.01, Table 5). OTMIX was significantly
higher than all other inoculum for all medium (R2A, R2AT 1.5, and R2AT 15) (Figure 6). Mean
log heterotrophic counts were similar for CTRL, OT2-03A, and OT1-11C2; with the exception of
OT2-17, which was significantly lower than all other inoculum and medium. Concentration (0 and
1.5 µg TCS) was significant for both total (R2A) and TCS tolerant populations (Figure 6).
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Table 5. ANOVA Results for Day 15 Heterotrophic Enumeration of Bacteria on R2A and Triclosan
Amended R2A
R2A
R2AT 1.5 µg L-1
R2AT 15 µg L-1
MODEL
< 0.0001
< 0.0001
< 0.0001
INOC
< 0.0001
< 0.0001
< 0.0001
CONC
< 0.0001
0.0046
< 0.0001
INOC*CONC
< 0.0001
0.0094
0.0005

The significant effect of not only the inoculum but the interaction of inoculum x
concentration is demonstrated with the increase in total and triclosan tolerant bacterial populations
for the OTMIX (10.63%; p < 0.05) inoculum compared to the CTRL treatments (Figure 8).
However, it can be observed that the bacterial counts for the CTRL 1.5 treatment was greater than
the CTRL 0 at day 15; however, only the R2AT-15 agar showed a significant difference between
treatments (Figure 8). Therefore, although bacterial counts decreased, adding TCS encouraged the
presence of bacteria tolerant to higher levels of TCS than present in the soil (Figure 8). The OT111C2 and OT2-03A inoculated soils had similar bacterial counts to the CTRL treatments with a
log CFU range of 6.22-6.27 regardless of TCS treatments (0 and1.5 µg) (Figure 8).
The rise in heterotrophic counts for the CTRL treatment and trend similarity to microcosms
inoculated with TD-PGPRs, may imply assimilation to TCS after repeated TCS exposure (a total
0.12 mg kg-1 TCS added). Liu et al., (2009) and Butler et al., (2011) observed similar trends in
microbial recovery to TCS even after repeated exposure.28, 99 Butler et al., (2011)99 noted basal
respiration recovery by day 7 for all soils spiked with 10 and 100 mg kg-1 of TCS. However, the
interaction between the inoculum and the triclosan treatment may have decreased total numbers
for OT1-11C2 (> 11.65%), OT2-03A (> 7.11%), and OT2-17 (> 5.12%) by day 15 in our study.
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Figure 8. Mean log CFU on Day 15 for the total bacterial population (R2A) and triclosan tolerant
population (R2AT 1.50 µg L-1 and R2AT 15 µg L-1).A two-way ANOVA determined that inoculum and
inoculum x concentration had a significant effect on DAY 15 total and triclosan tolerant populations (p
< 0.0100). For each medium, different letters indicate significant differences (p < 0.05, Tukey’s post
hoc test) between inoculum and TCS treatments.

A two-way repeated measures ANOVA determined that inoculum, concentration and
inoculum x concentration had a significant effect on day 30 for total and triclosan tolerant
populations (R2AT-15) (p < 0.02, Table 6). Only inoculum and the interaction with concentration
were significant (p < 0.01, Table 6) for the triclosan tolerant populations cultured at 1.5 µg L -1
TCS. Inoculum OT1-11C2 followed by OTMIX was significantly higher for both total (R2A) and
triclosan tolerant counts (R2AT-1.5 and R2AT-15) for day 30. Mean log heterotrophic counts for
CTRL, OT2-03A, and OT2-17 were relatively similar with observed deviation in significant
differences depending on medium (Figure 6). Concentration was significant for both R2A and
R2AT-15 (Figure 6).
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Table 6. ANOVA Results for Day 30 Heterotrophic Enumeration of Bacteria on R2A and
Triclosan Amended R2A
R2A
R2AT 1.5 µg L-1
R2AT 15 µg L-1
MODEL
< 0.0001
< 0.0001
< 0.0001
INOC
< 0.0001
< 0.0001
< 0.0001
CONC
0.0098
0.2697
< 0.0001
INOC*CONC
< 0.0001
0.0200
< 0.0001

The CTRL 1.5 treatment had the highest number of TCS tolerant bacteria (R2AT-15) with
a total of 6.70 log CFUs compared with the 5.86 log CFUs for the CTRL 0.0 R2AT-15 treatment
(13% increase) (Figure 9). The significant interaction between the inoculum x concentration
possibly increased the total of TCS tolerant bacteria due to continued exposure. The significant
effect of inoculum can be seen with the OT1-11C2 treatments, which had the highest number of
CFUs across for both total (R2A) and triclosan tolerant populations (R2AT-1.50 -1and R2AT-15).
The OT1-11C2 0.0 treatment appeared to have significantly greater numbers of triclosan tolerant
bacteria when compared to the CTRL 0 (12.67% increase). A similar trend was observed for the
OTMIX 0.0 treatment with the R2AT-15 agar having the highest counts of 06.22 log CFUs than
the R2A agar (6.04 log CFUs). Inoculum appeared to have played the greatest role in increasing
triclosan tolerant bacteria.
However, time also had a significant effect on mean heterotrophic counts for both total and
triclosan tolerant bacteria (R2AT-1.50 and R2AT-15) (Table 7, MANOVA, Wilk’s Lambda, p ≤
0.0026). Based on Table 8, the interaction between inoculum and TCS is influenced with time,
thus the longer the TCS exposure the gradual decrease in mean heterotrophic CFUs over time with
the exception of OTMIX and OT1-11C2. OTMIX and OT1-11C2 demonstrated fluctuation in total
counts with a significant increase observed for day 15 and day 30, respectively. Assimilation to
triclosan may have occurred by the 15th day time point, due to relatively similar growth on media
for all treatments.
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Figure 9. Mean log CFU on Day 30 for the total bacterial population (R2A) and triclosan tolerant
population (R2AT 1.50 µg L-1 and R2AT 15 µg L-1 TCS). A two-way ANOVA determined that
inoculum and inoculum x concentration had a significant effect on Day 30 total and triclosan tolerant
populations (p < 0.0200). For each medium, different letters indicate significant differences (p < 0.05,
Tukey’s post hoc test) between inoculum and TCS treatments
Table 7. MANOVA, Wilks Lambda Significance of Time on Total and Triclosan Tolerant
Populations
R2A
R2AT 1.5 µg L-1
R2AT 15 µg L-1
TIME
< 0.0001
< 0.0001
< 0.0001
TIME*INOC
< 0.0001
< 0.0001
< 0.0001
TIME*CONC
0.0045
0.0026
< 0.0001
TIME*INOC*CONC
< 0.0001
< 0.0001
< 0.0001
Table 8. Repeated Measures ANOVA for the Significant Effect of Time Points for Total and
Triclosan Tolerant Populations
Day 0-15
R2A
R2AT 1.5 µg L-1
R2AT 15 µg L-1
MEAN
< 0.0001
< 0.0001
< 0.0001
INOC
< 0.0001
< 0.0001
< 0.0001
CONC
0.0046
0.0006
< 0.0001
INOC*CONC
< 0.0001
< 0.0001
< 0.0001
Day 15-30
R2A
R2AT 1.5 µg L-1
R2AT 15 µg L-1
MEAN
< 0.0001
< 0.0001
0.0010
INOC
< 0.0001
< 0.0001
< 0.0001
CONC
0.1820
0.1830
0.9198
INOC*CONC
0.0018
0.0039
< 0.0001
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This observation is especially noted with the observed increase in heterotrophic counts
from day 0 CTRL 1.5 (5.90 CFUs) to day 15 CTRL 1.5 (6.19 CFUs) (a 5.0 % increase). Repeated
exposure to TCS possibly lead to acclimation of the native microbial communities to TCS in the
un-inoculated soils. There was a notable fluctuation in CFUs (Figures 8 and 9) for the OT1-11C2
1.5 and OTMIX 1.5 treatments. OT1-11C2 R2AT 1.5 µg L-1 had a relatively high log CFU mean
(7.12) on day 0 which decreased by 12.34% by day 15 and increased by 9.0% by day 30. The
OTMIX inoculum log CFUs decreased by 13.24% from day 0 (7.10 log CFUs) to 30 (6.16 log
CFUs). Although OTMIX and OT1-11C2 had relatively high counts, a gradual reduction of
numbers was observed. There is a possibility that the community may have shifted to more
triclosan tolerant taxa. In addition, the microorganisms that did not develop tolerance, slowly
decreased over time. There is possibility of horizontal gene transfer or shift to a more triclosan
tolerant bacterial community 2, 26, 31 but this was not evaluated in this study.
Based on previous studies, it was expected that the heterotrophic microbial communities
would recover from repeated TCS exposure because of the expected inactivation of TCS by the
inoculated TD-PGPRs. However, a gradual reduction in total numbers was observed from day 0
to 30. Total counts for all treatments and inoculum were relatively low for day 30 (average log
CFUs of 6.13) compared to time points 0 and 15 (average log CFUs of 6.58 and 6.29
respectively) (Figure 6). Inoculation with OT1-11C2 may be the most beneficial in triclosan
reduction over time and protection for the microbial community. OT1-11C2, Enterobacter
ludwigii, tested positive for all PGPR assays in a previous study and TCS degradation, indicating
its potential for overall triclosan removal. Increase in total populations (R2A) was observed from
OTMIX 0 (6.04 log CFUs) to OTMIX 1.5 (6.22 log CFUs). As well as for the triclosan tolerant
population cultured on R2AT-1.5: OTMIX 0 (6.08 log CFUs) and OTMIX 1.5 (6.16 log CFUs).
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The interaction of inoculum and concentration is evident in the increase in mean counts in
OTMIX and irrigation treatments (0 and 1.5 µg of total TCS).
One of the more interesting observations was that OT2-17, did not have a significant
increase on total heterotrophic counts compared to the CTRL treatment. Based on inoculation
treatment alone, OT2-17 appeared to be significantly low for total bacterial populations (R2A) on
day 15 (Figure 7), triclosan tolerant populations (R2AT-1.5) on day 15 and 30, and triclosan
tolerant populations (R2AT-15) on day 15 and 30 (Figure 9). Although there are studies evaluating
the PGPR activity of the genus, it can be hypothesized that the potential for this genus to secrete
antimicrobials may be adding to the overall reduction in numbers. 91-92 However, this hypothesis is
yet to be tested. Nonetheless, innate TCS resistance may be present in the native microbial
community due to observed growth on day 0, CTRL 0.0 on triclosan amended media at
environmentally relevant concentrations (R2AT 1.5 ng g-1) and a concentration 10-fold that of the
median (R2AT 15 ng g-1). Overall, recurrent exposure to triclosan may lead to a reduction in total
heterotrophic bacterial populations but inoculation may add a measure of protection from longterm effects.
Triclosan Degradation using TPGPRs and By-product Formation
Triclosan and by-product identification ions (target m/z ratios), along with

13

C labelled

internal standards, was performed through routine standard runs for each respective compound
being analyzed using the above-mentioned GCMS methodology. Mass fragments and retention
times for identification of TCS, its initial biodegradation product (MeTCS), and

13

C labelled

internal standards are found in Figures 10 and 11. Due to minimal detection of 2, 4-dichlorophenol
and 2, 4, 6-trichlorophenol in standards, their analysis was removed from the study.
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Figure 10. GCMS chromatogram of triclosan and 13C-labelled triclosan. Quantification and
confirmation ions for TCS: 345 and 347, respectively with compound elution at approximately 8.381
minutes. Quantification and confirmation ions for 13C-TCS: 357 and 359, respectively with a
compound elution time of 8.381 minutes.
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The data demonstrated that over time triclosan was still accumulating even with the
presence of TD-PGPRs (Figure 12). However, soil inoculation with the selected PGPRs reduced
TCS levels. In particular, the OTMIX (12.56 ng g-1 of TCS on day 15), demonstrated a reduction
(30%) in total triclosan by day 15 when compared to CTRL (18.20 ng g -1). Given that the total
heterotrophic counts in the OTMIX 1.5 treatment had the highest log CFUs for day 15 (6.96 log
CFUs), high numbers of bacterial populations likely influenced elevated triclosan degradation.
Similar trends of degradation were observed for OT1-11C2, OT2-03A, and OT2-17 with a range
of 13.00-13.53 ng g-1 of total triclosan by day 15.Although mean heterotrophic counts of CTRL,
OT1-11C2, and OT2-03A for both R2A and R2AT 15 agar were relatively similar by day 15 and
lower than the OTMIX treatment, TCS reduction was still more pronounced in the microcosms
inoculated with TD-PGPRs (Figure 7). Inoculum OT2-17 had the lowest mean heterotrophic
counts for both total (R2A) and triclosan tolerant populations (1.50 µg L -1 TCS and R2AT 15 µg
L-1 TCS) (Figure 8), yet total TCS accumulation by day 15 (13.52 ng g-1 TCS) was still lower than
the CTRL (18.21 ng g-1 TCS) at a 26% reduction. This may signify that although OT2-17 had
relatively low microbial counts, the bacterial community was still efficiently degrading TCS due
to the presence of a TD-PGPR.
At the end of the study (day 30), OTMIX was observed to still have the lowest rate of TCS
accumulation (14.22 ng g-1) in comparison to all other treatments (16-26 ng g -1 TCS). As expected,
the CTRL treatment had the highest rate of accumulation with 26.03 ng g -1 TCS. Adding a
consortium of PGPRs with a broad range of degradation capabilities was more effective in the
removal and degradation of TCS. This finding corresponds to other studies evaluating the
biodegradation of xenobiotics by individual strains in comparison to a consortium of isolates.
Moghadam et al., (2014) concluded that degradation of phenanthrene and fluorine was best
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achieved by a consortium of PAH degrading bacteria versus cultures of individual strains. 100 There
was approximately a 64% reduction in fluorine and 58% reduction in phenanthrene by an enriched
bacterial consortium versus < 21% degradation with individual strains. 100 Based on the
enumeration data, both OT1-11C2 treatments (0 and 1.5) appeared to be the more promising isolate
for TCS degradation. Elevated mean log CFUs for both total and triclosan tolerant bacterial
populations were observed for day 0 R2A and R2AT 1.5 (Figure 6) and day 30 R2A, R2AT 1.5,
and R2AT 15 (Figure 8). However, based on Figure 12, OT1-11C2 had the second highest
accumulation of TCS at the end of the study (22.52 ng g-1). It would have been expected for OT111C2 to have the second lowest amount of accumulated TCS, as was seen with OTMIX. This
could infer that although heterotrophic bacterial abundance is apparent, the microbial communities
within OT1-11C2 may be utilizing other sources of carbon such as by-products formed during
TCS degradation that were not detected in this study.

Triclosan Concentration (ng/g) Over 30 Days
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Figure 12. Mean concentration of triclosan (ng g-1) over 30 days in control (CTRL), TDPGPRs (OT1-11C2, OT2-03A, and OT2-17) and a microbial consortium (OTMIX) inoculated
soils. Irrigation treatment consisted of 1.5 µg of TCS in dry soil per irrigation.
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Triclosan methylation is the initial biological degradation pathway to be encountered in
soils and sludge from waste water treatment facilities.14,

56, 66

The formation of methyl-TCS

(MeTCS) has been observed to persist longer in the environment than its parent compound TCS,
which can pose a significant threat due to its higher toxicity and bioaccumulation potential. 52 It
was expected for methyl triclosan to increase over time for the inoculated soils due to confirmed
utilization of TCS on MSMT medium by TD-PGPRs. Methyl triclosan levels increased over time
for all treatments; however, microcosms with TD-PGPRs can be observed to have higher trends
of MeTCS accumulation (26.21-29.74 ng g-1) when compared to the CTRL treatment (19.70 ng g1

) by day 27 (Figure 13).
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Figure 13. Mean concentration of methyl TCS (ng g-1) over 30 days in control (CTRL), TDPGPRs (OT1-11C2, OT2-03A and OT2-17) and a microbial consortium (OTMIX) inoculated
soils. Irrigation treatment consisted of 1.5 µg of TCS in dry soil per irrigation.

The CTRL soil had the second lowest accumulation of MeTCS (21.89 ng g -1) and the
highest accumulation of TCS (26.03 ng g-1) by day 30. Therefore, bacterial degradation was much
less pronounced in CTRL soils, which resulted in the reduced occurrence of TCS methylation.
OT1-11C2 (28.19 ng g-1) had the highest accumulation of MeTCS by the end of the study. This
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data corresponds with the elevated bacterial abundance within the OT1-11C2 1.5 treatment for
both total and TCS tolerant populations by day 30 (Figure 8). Thus, the high abundance of bacteria
and presence of OT1-11C2, likely influenced the degradation of triclosan more efficiently over
time. An interesting observation to note is the decrease in MeTCS for all TD-PGPR inoculation
treatments from day 27 to day 30 (Figure 13). The potential cause for the lower MeTCS levels is
not readily understood, however a decrease in mean log heterotrophic counts by day 30 may have
had an impact on the degradative potential of the microbial community in all PGPR inoculated
microcosms.
A mass balance distribution of accumulated TCS and MeTCS was calculated for each
inoculation treatment based on the expected amount of TCS added up to the day of irrigation. The
percentage of TCS and MeTCS was relatively low for all inoculation treatments, with most TCS
being unaccounted for as time progressed. TCS mass balance percentages decreased over time for
the inoculation treatments CTRL, OT1-11C2, OT2-03A, and OTMIX (Figure 14). The range of
unaccounted TCS from total expected, gradually increased from 56% up to 91% for all treatments
from day 0 to day 30 (Figure 14). For instance, approximately 71% of triclosan was unaccounted
for on day 0 for OTMIX, then gradually increased to 91% by day 30 (Figure 14). The unaccounted
for TCS could include complete mineralization of TCS to CO 2 and unknown metabolite formation
via additional TCS biodegradation pathways.15, 54 The amount of MeTCS was even lower with
approximately 0-15% distribution among treatments and days. MeTCS was highest for the OT111C2 treatment with approximately 13% MeTCS, followed by OT2-17 with 12% by day 30.
Triclosan methylation has been assessed as low as 1% in activated sludge under aerobic
conditions.56 The potential low adsorption to soil particles used for this study may account for the
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increased conversion of TCS to MeTCS. However, the percentages are still minimal which may
be due to lack of MeTCS detectability or potential microbial degradation.

Figure 14. Mass balance shows compound distribution of unaccounted TCS, MeTCS, and TCS for time
points 0, 15, and 30 for all treatments: (A) CTRL, (B) OT1-11C2, (C) OT2-03A, (D) OT2-17, and (E)
OTMIX.
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Soil properties have been shown to play a considerable role in the mobility and availability
of TCS. Various studies have evaluated how high organic carbon (typically found in sludge
amended soils) decreased the leaching potential of TCS due to adsorption of TCS to the soil
matrix.63, 67 Thus, high organic carbon content increased the length of the presence of TCS in soils
due to binding. In relation, pH may play a significant factor in TCS availability with higher pH
values conferring higher availability of TCS to the surrounding environment. 55, 64-65 The soils
utilized in this study not only had low organic carbon (0.9%) but had a relatively high pH (7.9),
typical of alkaline soils found in South Texas.101 The loss of TCS through abiotic factors such as
sunlight exposure seems unlikely due to limited photolysis in the soil matrix. However, high
temperatures throughout the duration of the study (35-44.5°C) with a median temperature of 42°C
may have increased the degradative capability of the microbial communities. Thus, soil pH and
low organic carbon may have increased the mobility of TCS in our study, making it more
bioavailable for not only its degradation to MeTCS but formation of other degradative by-products
that were not readily analyzed.
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CONCLUSIONS
The data collected in this study demonstrates the degradative potential of TCS with the use
of plant growth-promoting rhizobacteria and subsequent effects on the microbial communities of soils
inoculated with TD-PGPRs (triclosan degrading plant growth-promoting rhizobacteria). The TCS
concentrations used for microbial enumeration on R2AT was 10-fold and 100-fold the median
concentration of 0.14 µg L-1, yet below the highest concentration detected in streams of 2.3 µg L-1
TCS.9 The microbial community may already possess intrinsic resistance to TCS through repeated
exposure. This trend was notably observed with the increase in triclosan-tolerant bacteria in the CTRL
1.5 treatment cultured on R2AT 1.5 (10-fold that of the median stream concentration) and R2AT 15
(100-fold that of the median stream concentration). Genomic studies would need to be conducted to
elucidate the exact mechanisms responsible for the increase in TCS resistance such as active efflux
of TCS from the cell or mutations of the fabI gene.23, 29 This includes an evaluation of the resistome
of the microbial community such as the presence of genes responsible for TCS resistance and
community structure divergence due to TCS exposure.102
The TD-PGPRs used in this study have demonstrated their potential use for xenobiotic
degradation in other studies and shown to have an observable effect on TCS degradation in this study.
To our knowledge, this is the first study to confirm not only the PGPR activity of P. peoriae but
xenobiotic degradation of TCS by the other identified TD-PGPRs. A consortium of TD-PGPRs
appeared to have the most degradative potential by day 30, with a total accumulation of 14.22 ng g -1
TCS compared to the CTRL with 26.03 ng g-1 of TCS. In addition, inoculum and inoculum x
concentration had a significant effect on total (R2A) and triclosan-tolerant populations (R2AT 1.50
µg L-1 TCS and R2AT 15 µg L-1 TCS). Thus, the interaction of the inoculum used in the study plays
a significant role in their degradative potential of TCS. Methyl TCS was observed to occur
concomitantly with the input of TCS (Figure 13). Uninoculated soils (CTRL) appeared to have one
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of the lowest accumulative potentials of MeTCS with 21.89 ng g-1 compared to the highest of OT111C2 with 28.19 ng g-1 MeTCS, a 23% difference. It should be noted that the methyl triclosan
accumulation was likely due to the elevated concentration of TCS (10 x environmental level) added
at each irrigation time point, allowing for increased bacterial methylation. Although the addition of
TD-PGPRs appear to degrade TCS efficiently, the accumulation of the methylated by-product
(MeTCS) in TD-PGPRs suggests solutions for its removal need to be evaluated because of its
prolonged persistence in the environment. 66 This includes its leaching potential and bioaccumulative
properties in plants. TCS has been found to accumulate in onions and radishes at levels close to the
daily intake levels for toddlers.55, 103 Accumulation of MeTCS in crops is yet to be determined and
the effect of TD-PGPRs on the fate of TCS within a plant-soil system is still unknown.
Although there was observed accumulation of TCS, the high percentages of unaccounted
TCS in the mass balance (> 56%) for all treatments may indicate the formation other secondary byproducts not investigated in this study. These by-products may serve as an additional carbon source
to the microbial communities present or inhibit overall growth due to unknown compound toxicity.
Other factors that may account for the high degradation and unaccounted loss of TCS, include abiotic
factors such as temperature. The study was performed in a greenhouse, where the temperature
fluctuated between 35-44.5C°. High temperatures have been shown to influence the bacterial
community in agricultural soils, with an increase in soil respiration at even 45°C. 104 The high
temperatures maintained throughout the duration of the study (30 days) may have increased the
bacterial activity of the community, allowing for increased TCS degradation and formation of not
only MeTCS but other degradative by-products.
The TD-PGPRs utilized for this study were isolated from the roots of onions repeatedly
irrigated with different concentrations of TCS. Plants infer a host of beneficial factors such as the
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input of root exudates, nutrients, and high organic material, which provide a rich source of carbon
encouraging microbial proliferation and diversity.105 The provision of a rhizosphere with a diverse
community of PGPBs may increase contaminant removal and reduce TCS toxicity to the microbial
community. Triclosan has been shown to influence the taxonomic composition of bacterial
communities to more resistant taxa without an impact on bacterial abundance in an artificial stream. 31
Future research may aim to isolate or determine if the microcosm microbial communities shifted to
more TCS resistant taxa due to the presence of TD-PGPRs. However, it was observed that mean log
CFUs for all inoculated and CTRL soils appeared to decrease from day 15 with the exception of OT111C2. The TD-PGPRs utilized in this study may lose their effectiveness because of the highly
stressful environment of the native soils (0.9% organic carbon content) and recurrent exposure to
TCS. Thus, the isolation of PGPRs from TCS exposed microcosms supplemented with TD-PGPRs
may identify PGPRs suitable for a nutrient limiting environments. This would prove useful
geographically, with agricultural soils having a range of nutrient availabilities.
This study will contribute to the lack of knowledge concerning the impact of TCS in not
only soil microbial communities but specifically plant growth-promoting rhizobacteria. PGPRs
tolerant to TCS may be used as a tool for the bioremediation and removal of harmful anthropogenic
compounds. It is imperative to comprehend the repercussions of the continual influx of PPCPs into
the environment. Exposure through one-time events such as flooding or repeated exposure by
agricultural practices requires particular attention since PPCPs will continually re-enter the
environment. PPCPs such as TCS can then degrade into other more harmful by-products such as
MeTCS and be taken up by plants or crops providing a route for human exposure. Thus, the use of
the identified TD-PGPRs may serve important industrial applications for the removal of contaminants
in the environment and long term agricultural sustainability.
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APPENDIX
Isolate Identities of Triclosan Tolerant PGPRs Based on the 16 sRNA gene (1500 bp) and Growth
on Minimal Salts Medium
Isolate
MSMG
MSMT
Closest BLAST Match
NCBI Accession
Growth
Growth
No.
OT002A

Minimal

No growth

Bacillus cereus ATCC 14579

NR_074540.1

OT0-04

Minimal

Not
performed

Cellulosimicrobium cellulans strain
DSM 43879

NR_119095.1

OT0-14

High

No growth

Stenotrophomonas pavanii strain
LMG 25348

NR_118008.1

OT019B

Minimal

No growth

Xylanimonas cellulosilytica strain
DSM 15894

NR_074544.1

OT1-01

Moderate

No growth

Paenibacillus polymyxa strain DSM
36

NR_117724.2

OT1-02

Minimal

No growth

Stenotrophomonas maltophilia strain
IAM 12423

NR_041577.1

OT107B

Minimal

No growth

Chryseobacterium hungaricum strain
CHB-20p

NR_044354.1

OT1-09

Minimal

Minimal

Stenotrophomonas maltophilia strain
IAM 12423

NR_041577.1

OT111C2

High

Minimal

Enterobacter ludwigii strain EN-119

NR_042349.1

OT201A

High

No growth

Enterobacter ludwigii strain EN-119

NR_042349.1

OT203A

Minimal

Minimal

Microbacterium oxydans strain DSM
20578

NR_044931.1

OT203B

Minimal

Moderate

Stenotrophomonas maltophilia strain
IAM 12423

NR_041577.1
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Continued: Isolate Identities of Triclosan Tolerant PGPRs Based on the 16 sRNA gene (1500 bp)
and Growth on Minimal Salts Medium
Isolate
MSMG
MSMT
Closest BLAST Match
NCBI Accession
Growth
Growth
No.
OT2-04

No growth

No growth

Chryseobacterium hungaricum strain
CHB-20p

NR_044354.1

OT2-05

High

No growth

Paenibacillus peoriae strain DSM
8320

NR_117743.1

OT207A

Minimal

No growth

Rhodococcus equi strain ATCC 6939

NR_116691.1

OT2-08

Minimal

Minimal

Stenotrophomonas maltophilia strain
IAM 12423

NR_041577.1

OT212A

Minimal

No growth

Microbacterium phyllosphaerae
strain P 369/06

NR_025405.1

OT2-17

High

Minimal

Paenibacillus peoriae strain DSM
8320T

NR_117743.1

OT3-

High

No growth

Rhodococcus degradans strain CCM
4446

NR_145886.1

OT3-13

Minimal

No growth

Achromobacter insuavis strain LMG
26845

NR_117706.1

OT3-14

Minimal

Minimal

Stenotrophomonas pavanii strain
LMG 25348

NR_118008.1
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